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ABSTRACT
Alkaline-earth metal hydroxyapatites are prepared by the co-precipitation method and characterized using XRD, ICP, NH3-TPD,
SEM-EDX, TEM and N2 physisorption analysis. The metal present in the hydroxyapatite influences the acidity of the catalyst.
Oxidative dehydrogenation reactions carried out in a continuous flow fixed bed reactor showed that the selectivity towards
desired products was dependent on the alkaline-earth metal in the hydroxyapatite. All hydroxyapatite catalysts showed high
selectivity towards carbon oxides, followed by cracked products, octenes and aromatics. The highest selectivity and turnover
numbers towards C8 products and a high specific rate was shown by Sr-HAp. The activation of n-octane over these catalysts
followed the Eley-Rideal mechanism.
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1. Introduction
Alkenes are important raw materials in a wide range of appli-
cations due to their low cost and ability to be functionalized
easily. For over sixty years and until recently, most of the
commercial production of alkenes was through the dehydro-
genation of alkanes.1 In these reactions, alkene selectivity is low,
temperatures up to 600 °C are required and carbon deposition
on the active sites of the catalyst is prevalent.2 The introduction
of oxygen for the activation of alkanes renders the reaction
exothermic and reduces carbon deposits on the catalyst. As
a result, oxidative dehydrogenation (ODH) of alkanes is pre-
ferred and plays an increasing role in the synthesis of alkenes in
the chemical industry, especially the petrochemical industry.
Our recent studies showed that ODH of n-octane over certain
heterogeneous catalytic systems yield value-added products
such as 1-octene and ethyl benzene.3 It was also shown that the
catalytic performance in these reactions depends on the acid-
base properties of the catalyst, in addition to isolated cations
capable of activating C-H bonds and sites that can activate the
oxygen.4 Hydroxyapatite (HAp) has acid-base character, offers
high stability, allows substitution into the apatite structure and
the phosphate groups present in the structure are capable
of activating oxygen.5
Hydroxyapatite has the general formula,
[Ca10–x(HPO4)x(PO4)6-x(OH)2–x, 0 £ x £ 1].
Stoichiometric HAp has x = 0 to give Ca10(PO4)6(OH)2, whereas
calcium-deficient non-stoichiometric HAp has 0 £ x £ 1.6
Hydroxyapatites are bifunctional materials with both acidic and
basic sites in the crystal lattice and have found applications as
catalysts and catalyst supports.7 They have a hexagonal struc-
ture made up from columns of calcium ions and oxygen atoms
that are located parallel to the hexagonal axis. Three oxygen
atoms from each PO4 tetrahedron are shared by one column and
the fourth oxygen atom is attached to the neighbouring column.
The calcium ions in the lattice can be replaced with other cations
by ion-exchange, ion-adsorption, dissolution of HAp, followed
by deposition of a new phase or a combination of these
methods.8,9 HAp was reported as an efficient catalyst in the
catalytic dehydrogenation 10 and in the acid catalyzed decompo-
sition of alcohols.11 The catalytic efficiency of HAp is enhanced
by the impregnation with additional cations. Yamaguchi et al.12
succeeded in creating a monomeric Ru3+ species on the surface
of HAp which was found to be efficient in the catalytic aerobic
oxidation of various alcohols. Recently, titanium substituted
HAp was used for the photocatalytic degradation of environ-
mental endocrine disrupting chemicals.13 The active sites on the
hydroxyapatite are the acidic phosphate groups and basic metal
atoms. These sites activate oxygen and the resulting oxygen
species are directly involved in the abstraction of hydrogen from
alkanes, hence, impacting on the rate of the reaction.14 In this
study, we report the preparation and characterization of some
alkaline-earth metal hydroxyapatites and assess their effi-
ciency in the catalytic oxidation of n-octane.
2. Experimental
2.1. Preparation of Catalysts
Chemicals used in the preparation of the catalysts were
purchased from Merck KGa, Darmstadt, Germany. The
hydroxyapatites were prepared by the method of Matsumura
et al.15 Nitrate salts, M(NO3)2•xH2O (6.67 × 10
–2 mol) where
M = Ca2+, Sr2+, Mg2+ and Ba2+ were dissolved in 60 mL distilled
water. The solution was then diluted to 120 mL with distilled
water and adjusted to a pH of 11 with aqueous ammonia.
A 100 mL solution of (NH4)2HPO4 (4.00 × 10
–2 mol) was also simi-
larly adjusted to pH 11 and diluted to 160 mL. The phosphate
solution was added to the metal solution dropwise over a period
of 30 min at room temperature. A gelatinous precipitate formed
which was stirred and boiled for 10 min. The solid was filtered,
washed to pH 7 with distilled water and dried in air at 110 °C for
12 h, followed by calcination at 550 °C for 6 h in air.
2.2. Characterization of Catalysts
The catalysts were characterized by various physical and
chemical methods. The BET surface area and pore volume
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studies were carried out using a Micrometrics ASAP 2020
multi-point BET surface area analyser. Elemental analysis
or chemical composition was performed using inductively
coupled plasma (ICP) on a Perkin Elmer Optical Emission Spec-
trometer Optima 5300 DV. Standards (1000 ppm Ca, Sr, Mg, Ba
and P) were purchased from Fluka. The phases present in the
catalysts were observed using powder X-ray diffraction (XRD)
conducted on a Bruker D8 Advance instrument. Infrared (IR)
spectra were obtained using a Perkin-Elmer Precisely Spec-
trum 100 equipped with a Universal ATR sampling accessory
and Raman spectroscopy was carried out using an Advan-
tage 532 series spectrometer (NIR Spectrometer). Ammonia
temperature programmed desorption (TPD) and temperature
programmed reduction (TPR) studies were carried out using
a Micromeritics 2920 Autochem II Chemisorption Analyzer.
For TPR experiments, 5 % H2/Ar, flowing at a rate of 30 mL min–1,
was used as a reducing agent, whereas for TPD analysis, 4.1 %
NH3/He was passed over the catalyst at a flow rate of 30 mL min
–1
for 60 min. The amount of oxygen chemisorbed on the surface
of hydroxyapatite catalysts was investigated by oxygen
chemisorption using a Micromeritics ASAP 2020 chemisorption
analyser. Pure oxygen (30 mL min–1) was passed through the
sample for 3 h until saturation was obtained. The temperature
was ramped from 30 °C up to 500 °C at a ramping rate of 10 °C
min–1 and the amount of oxygen chemisorbed was measured
at this temperature.16 The surface morphology of the catalysts
was obtained using scanning electron microscopy (SEM) utiliz-
ing a Leo 1450 Scanning Electron Microscope. Transmission
electron microscopy (TEM) images were viewed on a Jeol
JEM-1010 electron microscope and these images were captured
and analyzed using iTEM software.
2.3. Catalytic Testing
Gas phase oxidation reactions were carried out in a continuous
flow fixed bed reactor in down flow mode. The catalyst bed
(1 mL), comprising pellet sizes between 600 and 1000 µm was
located at the centre of the reactor with 24-grit carborundum
packed in the spaces on either side of the bed. The n-octane feed
(Merck, 99 %) was delivered into the system by a high-precision
isocratic pump (Lab Alliance Series II). The concentration of
n-octane in the gaseous mixture was 11 % (v/v) and the n-octane
to oxygen molar ratio was fixed at 1:1. Air (79 % N2, 21 % O2) was
used as the oxidant and nitrogen (Afrox, 98 %), the make-up gas
to achieve a gas hourly space velocity (GHSV) of 4000 h–1.
to obtain an iso-conversion of 8 % (temperature = 500 °C), the
GHSV was varied from 3700 to 4250 h–1. Gaseous and liquid
products were analyzed off-line using Perkin-Elmer Clarus
400 FID and TCD gas chromatographs. A Perkin-Elmer Clarus
500 GC-MS was used to identify unknown products. Carbon
balances ranged between 99 and 101 %. All the data points were
obtained in duplicate with an error of ±2 %. The specific reac-
tion rate and the turnover numbers (TON) for the formation
of products were calculated as follows:17
Specific reaction rate =
( - octane conversion / 100)
(
n
specific surface area of the catalyst GHSV -1× × 36000
(1)
Turn over number (TON) =
moles of the product formed
specific surface area of the catalyst
(2)
3. Results and Discussion
3.1. Characterization of Catalysts
The elemental compositions for the catalysts are shown in
Table 1. Metal to phosphate ratios (M/P) were in the range of 1.62
to 1.65, suggesting that non-stoichiometric hydroxyapatites
were prepared.18 These results correlated with SEM-EDX
elemental analysis.
All the materials showed a similar pattern in the adsorption-
desorption isotherms, displaying the characteristic hysteresis
loop of a Type IV isotherm (IUPAC) lying in the p/po range of 0.6
to 0.85, demonstrating mesoporous character (Table 1).19 An
inflection observed between the p/p range of 0.85 and 0.95 is
attributed to the macropores caused by particle–particle porosity.20
The catalysts exhibit a step increase at this relative pressure
range due to the filling of inter-particle macropores of the
catalyst with the nitrogen. The desorption isotherms (Fig. 1)
show that the samples have uniform pore size distribution.21 The
surface areas of the hydroxyapatites are in the 40 to 70 m2 g–1
range and are shown in Table 2. From powder XRD (Fig. 2)
carried out at room temperature, the d spacing values for 2q
angles between 30 ° and 35 ° correlate with data found in JCPDS
File Nos. 9–390, 33–138, 36–0272 and 13–0404 for the calcium,
strontium, barium and magnesium hydroxyapatites, respec-
tively, and agrees with data presented by previous research-
ers.14,22,23 Mg-HAp showed the highest crystallinity and crystal-
lite size among all the hydroxyapatite catalysts (Table 1). TPR
profiles of all the hydroxyapatites showed no peaks, indicating
that the hydroxyapatites are stable under a reduction environ-
ment.
The TPD studies using NH3 reveal the existence of both Lewis
and Brønsted acidic sites.21,23 Weak, strong and some moderate
acidic sites are attributed to the three peaks present in the TPD
profile of the loaded HAp catalysts, at 350–450 °C weak acidic
sites, at 450–550 °C moderate acidic sites and above 650 °C strong
acidic sites.24 Lewis acidity is due to the main group metal ions
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Table 1 Crystallite size, crystallinity and elemental analysis of alkaline-earth metal hydroxyapatite catalysts.
Catalyst M/P a M/P b Crystallite size Crystallinity d Particle size
/nm c (Xc)/% /nm
e
Ca-HAp 1.65 1.63 2.90 0.29 168
Sr-HAp 1.62 1.61 3.13 0.30 175
Mg-HAp 1.60 1.62 3.52 0.34 192
Ba-HAp 1.62 1.61 3.10 0.28 182
a From ICP (obtained in triplicate with a standard deviation of ±0.04)
b From SEM-EDX (obtained in triplicate with a standard deviation of ±0.05)
c Xs = 0.9 l/FWHMcos q, where Xs is the crystallite size (nm), l is the wavelength of the monochromatic X-ray beam (l= 0.15406 nm for CuKa radiation), FWHM is the full
width at half-maximum for the diffraction peak under consideration (radians) and q is the diffraction angle (degrees)21.
d Xc = 1– (V112/300/I300), where Xc is degree of crystallinity, V112/300 is the intensity of the shoulder between the (112) and (300) diffraction peaks and I300 is the intensity of the
(300) peak21.
e Measured using iTEM software (count of 50–70 particles, with a standard deviation of ±3 nm).
present in the hydroxyapatites and the acidity is attributed to the
unsaturated hydroxyl groups. High and low specific acidity
shown by Sr-HAp and Ca-HAp, respectively, indicates that the
acid-base character of the hydroxyapatite catalysts depends
on the metal present in the hydroxyapatite (Table 3). Strong
acidic sites are seen to dominate in all catalysts. Oxygen
chemisorption analysis showed that the metallic surface
area is in the range of 22–35 m2 g–1 for all the catalysts. The capac-
ity of the oxygen chemisorption of the catalysts varies with
the metal present on the hydroxyapatite. Among all the
hydroxyapatites, Sr-HAp showed greatest tendency to chemisorb
oxygen on its surface, followed by Mg-HAp, Ca-HAp and
Ba-Hap.
3.2. Catalytic Results
Catalytic testing was carried out over a temperature range
of 350 °C to 550 °C with the gas hourly space velocity (GHSV)
fixed at 4000, h–1. All catalysts showed an increase in conversion
of n-octane with an increase in temperature. The high conver-
sion of 13 % was obtained with Sr-HApat 550 °C (Fig. 3) and it
was observed that the conversion profile was proportional to the
number of acidic sites (Table 3) on the surface of the hydroxy-
apatites.21
There was no contribution towards conversion from redox
properties of the catalysts since they are stable under reduction
as shown by TPR studies. The conversion is therefore due to the
surface oxygen species chemisorbed on the hydroxyapatites.25
Oxygen chemisorption results are also in agreement with the
conversion profiles of n-octane. Highest conversion was observed
using the Sr-HAp catalyst which showed the highest oxygen
chemisorption capacity among all the hydroxyapatite catalysts.
Sr-HAp also showed a high specific reaction rate compared to
Ca-HAp and Ba-HAp which showed similar specific reaction
rates (Table 4). The specific reaction rates are in correlation with
the amount of oxygen chemisorbed on the catalysts, thus, it can
be inferred that the specific rate of the reaction and the conversion
of n-octane depends on the amount of oxygen chemisorbed
on the catalysts. In addition, the adsorption of n-octane on the
hydroxyapatites occurs directly from gas-phase. Hence, it is pro-
posed that the activation of n-octane over the metal substituted
hydroxyapatite catalysts follow the Eley-Rideal mechanism.26
A range of octenes and aromatic compounds, cracked products
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Figure 1 Nitrogen adsorption–desorption isotherms of (a) calcium, (b) strontium, (c) magnesium, and (d) barium hydroxyapatite.
Table 2 Physisorption and chemisorption analysis of alkaline-earth metal hydroxyapatite catalysts.
Catalyst Surface area Pore volume Average pore size Average pore width Oxygen chemisorbed
/m² g–1 a /cm g–1 a /Å a /Å a /mmol O2 g
–1 b
Ca-HAp 69 0.128 1125 480 27
Sr-HAp 63 0.112 1024 493 39
Mg-HAp 59 0.068 390 610 34
Ba-HAp 42 0.092 220 643 21
a Data obtained in duplicate with an error of ±5 % and b in triplicate with an error of ±3 %.
and carbon oxides (COx) were present in the product stream.
Cracked products included mainly ethane, propane, and butane.
Oxygenates were mainly C8 compounds such as octanal,
octanol, 2-octanal and 2-octanol. Lower oxygenates such as
acetone, acetic acid, propanol and butanol were also present in
small amounts. At an iso-conversion of 8 % at 500 °C, carbon
oxides are the major product over all the catalysts. The high
selectivity towards carbon oxides is probably due to the
Brønsted acidity of the catalysts (Table 3). Sr-HAp showed
highest selectivity, whereas Ba-HAp showed lowest selectivity
towards ODH products, i.e. the octenes and aromatics (Fig. 4).
This is probably due to the difference in the acidity of the
surfaces of Sr-HAp and Ba-HAp and it has been shown that
Brønsted acidity favours the formation of aromatics and oxygen-
ates.21,25
The cis- and trans-2-octenes (3.6–14.5 %) are the dominant
products in the octenes product stream over all the catalysts. The
yield towards trans-2-octene (2.1–8.4 %) is higher than the
cis-2-octene (1.5–6.1 %) due to the relative thermodynamic
stability of trans-isomers compared to the respective cis-iso-
mers.21,25 The yield towards the octene isomers are influenced by
the metal present in the hydroxyapatite which determines the
extent of the Brønsted acidity of the catalyst.21 The product
profile of octene isomers are similar to the profile observed in
previous studies.21 There is a slight difference in the selectivity
towards 1-, 3- and 4-octene, although there is no difference in the
energies of the C-H bond at C2, C3 and C4 in the alkane chain.
The proposed mechanism for the activation of n-octane suggests
that the rate determining step is the heterolytic breaking
of C-H bonds from the surface alkyl species with the catalyst,
followed by a fast elimination of second hydrogen from a neigh-
bouring carbon to form the olefinic bond.27,28 For cyclization
products, o-xylene is the dominant product in the aromatics
followed by the ethyl benzene and styrene.
o-Xylene is formed via C2 to C7 cyclization of 2-octenes and
3-octenes which are the major products in the octene isomers.21
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Figure 2 Powder XRD patterns of the alkaline-earth metal hydroxyapatites.
Table 3 NH3-TPD data of the alkaline-earth metal hydroxyapatite catalysts.
Catalyst No. of acidic sites a /mmol NH3 g
–1 Total acidic sites /mmol NH3 g
–1 Specific acidity /mmol m–2
Weak Moderate Strong
(£450 °C) (450–650 °C) (>650 °C)
Ca-HAp 68 40 79 187 2.7
Sr-HAp 85 58 99 242 3.9
Mg-HAp 79 48 85 212 3.6
Ba-HAp 51 32 75 158 3.7
a Data obtained in duplicate with an error of ±4 %.
Figure 3 Effect of temperature on n-octane conversion over alka-
line-earth metal hydroxyapatites (GHSV = 4000 h–1, n-octane to oxygen
molar ratio of 1:1).
The yield towards the aromatic compounds increased with
a subsequent decrease in the octene isomers yield, suggesting
that octenes are the precursors for aromatic product formation.29
Table 4 shows the turnover numbers (TON) of the products
formed in the reaction. The TONs of C8 products are in agree-
ment with the acidic and basic character of the catalysts. The re-
lationship between the specific reaction rate and product yield is
shown in Fig 5 where the yield towards all products correlate
with the specific reaction rate (Table 2).
4. Conclusion
All alkaline-earth metal hydroxyapatite catalysts show meso-
porous character, are polycrystalline in nature and are stable un-
der a reducing environment. Conversion profiles of n-octane
and the specific reaction rates correlates with oxygen
chemisorption capacities of the hydroxyapatites and the activa-
tion of n-octane follows the Eley-Rideal mechanism. The selec-
tivity towards octenes and aromatics is in agreement with the
acidic character of the catalysts. The product formation depends
on the specific reaction rate which in turn depends on the
amount of oxygen chemisorbed on the surface of the catalyst.
The strength of the acidity, the highest selectivity towards
products and the turnover numbers are in the order:
Sr-HAp > Mg-HAp > Ca-HAp > Ba-HAp.
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Figure 4 Product selectivity in the activation of n-octane over alkaline-earth metal hydroxyapatite catalysts at an iso-conversion of 8 % (GHSV =
3700–4250 h–1, n-octane to oxygen molar ratio of 1:1, temperature = 500 °C).
Table 4 Specific reaction rate of n-octane conversion and turnover number of products (temperature = 450 °C).
Catalyst Turnover number a Specific reaction rate a
/10–7 mol m–2 g–1 /10–7mol s–1 m–2
C8 products Cracked products COx
Ca-HAp 1.26 0.13 3.22 1.10
Sr-HAp 2.05 0.21 4.56 1.62
Mg-HAp 1.71 0.17 3.85 1.51
Ba-HAp 1.26 0.14 3.37 1.15
a Data obtained in duplicate with an error of ±2 %.
Figure 5 Specific reaction rate of n-octane conversion and yield of products over alkaline-earth metal hydroxyapatite catalysts (GHSV = 4000 h–1,
n-octane to oxygen molar ratio of 1:1, temperature = 500 °C).
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